SUMMARY The purpose of this study was to determine the feasibility and safety of terminating sustained ventricular tachycardia by low-energy, synchronized shocks delivered through transvenous, intracardiac catheter electrodes. Adult mongrel dogs underwent 2-hour occlusion-release of the left anterior descending coronary artery. Programmed electrical stimulation 3-8 days later in 14 of 24 surviving dogs induced 627 episodes of sustained ventricular tachycardia that had 35 morphologically distinct contours. Truncated exponential shocks, timed from the bipolar R wave recorded in the right ventricular apex, were delivered between the right ventricular apex (cathode) and superior vena cava (anode 
PERMANENT patient-activated or automatic ventricular pacemakers delivering single stimuli' 2 or rapid bursts2'7 have been used successfully to treat drugresistant recurrent sustained ventricular tachycardia. However, single ventricular stimuli often fail to terminate ventricular tachycardia (primarily in tachycardias faster than 170 beats/min),3 Sl"l and burst ventricular pacing may result in acceleration of ventricular tachycardia or ventricular fibrillation in as many as 43% of patients.3 6. 7. 9,11 Based on the safety and success of synchronized transthoracic direct-current cardioversion'2-and the feasibility of administering intracardiac shocks, 16-25 we reasoned that ventricular tachycardia might be safely and effectively terminated by synchronized shocks of very low energy delivered through intracardiac electrodes. The purpose of this study was to test this hypothesis using a canine model in which programmed electrical stimulation induced sustained ventricular tachycardia 3-8 days after coronary occlusion-reperfusion. 26 We used a specially designed catheter electrode because if the technique were feasible, implantation by a transvenous route would have obvious advantages.
We also tested the effectiveness of an epicardial apex cone electrode that would have to be implanted by a surgical procedure.2'"25
Methods

Experimental Preparation
Forty-seven mongrel dogs that weighed 13-34 kg were anesthetized with secobarbital sodium (25 mg/ kg, i.v.), intubated and mechanically ventilated with room air. Using an aseptic technique, a left thoracotomy was performed in the fourth intercostal space, the pericardium reflected, and the heart exposed. A 1-cm segment of the left anterior descending coronary artery (LAD) proximal to the main diagonal branches supplying the apical region was dissected free from surrounding tissue. All visible epicardial branches from the left circumflex and posterior descending coronary arteries in the apical region of the left ventricle were ligated. The isolated segment of the LAD was occluded using a Harris two-stage procedure.27 Two hours after complete occlusion, arterial flow was reestablished. Lidocaine (3 mg/kg, i.v.) was administered 3 minutes before reperfusion.26 The A bipolar His bundle electrogram was recorded using a #6F electrode catheter inserted through the right carotid artery and advanced retrogradely into the right coronary sinus of the aortic valve. Bipolar stainless steel wire electrodes 1 mm apart, insulated with Teflon except at the tips, were inserted using a 21-gauge needle into the epicardium of the right ventricular outflow tract and the right ventricular apex overlying the tip of the 6880 electrode catheter. Five additional bipolar electrodes were inserted circumferentially into the epicardium around the border of the anteroapical left ventricular infarction. The above electrograms, a bipolar atrial electrogram, and scalar ECG lead II or III were amplified, filtered (40-500 Hz for electrograms and 0.08-50 Hz for scalar ECG), displayed on an oscilloscope and recorded on lightsensitive paper at 50 and 100 mm/sec. Programmed electrical stimulation (1.8-msec rectangular stimuli at twice late diastolic current threshold) of the epicardial sites near the infarction border zone was used to induce sustained ventricular tachycardia.20 28 Maximum required termination energy -the largest value of the minimum termination energies for a 25% portion of the QRS interval.
Repetitive ventricular response -one or more spontaneous premature ventricular depolarizations after a cardioversion shock, including acceleration of ventricular tachycardia and development of ventricular fibrillation.
Repetitive atrial response -one or more spontaneous premature atrial depolarizations after a cardioversion shock, including atrial flutter and atrial fibrillation. 
iv%. V ir The minimum energy at which shocks terminated the ventricular tachycardia and did not produce a repetitive ventricular response (RVR) and the minimum energy at which shocks terminated the ventricular tachycardia but produced RVRs ofone to three complexes andfour or more complexes are shown. Each symbol represents a separate episode of tachyvcardia. The ventricular response to shocks between the right ventricular apex and superior vena cava, applied during ventricular tachycardia, is shown in figure 6 .
Of the 748 shocks of 0.008-1.0 J introduced within the first 80% of the QRS interval, only 12 (1.6%) produced repetitive ventricular responses and none accelerated the ventricular tachycardia or precipitated ventricular fibrillation. For shocks of 2.0 and 2.5 J, there was an 11% incidence of repetitive ventricular responses of four or more complexes. However, these repetitive responses began more than 400 msec after the shock, had a cycle length longer than that of the original tachycardia, slowed progressively and terminated spontaneously (fig. 7) . A similar response occurred frequently with conventional defibrillation using 10 J or more delivered across paddles placed on the heart. Shocks introduced during the last 20% of the QRS interval and within the ST-T interval resulted in a different ventricular response ( fig. 6 ). In this zone, shocks as low as 0.001 J produced a repetitive ventricular response. As the energy was increased progressively, multiple-beat repetitive ventricular responses or ventricular fibrillation occurred.
In the ventricular tachycardias with cycle lengths < 200 msec, the safety of shocks introduced during the QRS interval was inconsistent. Two of 17 shocks ¢ 0.5 J placed within the first 80% of the QRS interval resulted in ventricular fibrillation ( fig. 8) . fig. 9 ). When induced, atrial flutter or fibrillation usually terminated spontaneously within 2-3 seconds after onset.
The occurrence of a repetitive atrial response was directly related to the energy level of the shock (p < 0.001). Figure 10 shows the relative incidence of repetitive atrial responses for shocks at each energy level delivered between the right ventricular apex and superior vena cava. For shocks S 0.09 J, the incidence of atrial flutter or fibrillation was less than 2%.. by an intervening region of partially excitable myocardium, 8 28 ,32 then rapid rates may increase the degree of protection by allowing the intervening tissue less time to recover excitability. Greater energies may be required to penetrate partially inexcitable tissue.The fact that a shock of 0.09 J terminated one of these tachycardias may be related to the timing of the shock in that particular tachycardia.
For ventricular tachycardias with cycle lengths < 200 msec, shocks ¢ 0.5 J introduced within the QRS interval occasionally produced ventricular fibrillation. Since ventricular activation extended through most of the cycle length in these tachycardias, repolarization of some part of the ventricular myocardium (and therefore the vulnerable period) probably extended into the next QRS interval. There may exist no discrete period in the QRS interval during which a low-energy shock can safely terminate these very rapid tachycardias.
Placing the anode in the coronary sinus did not significantly decrease the energy requirement to terminate ventricular tachycardia or decrease the incidence of atrial fibrillation, and therefore appeared to offer no advantage over the single catheter electrode configuration. This result may be explained by a "short-circuiting" effect of the blood pool. Since the resistivity of blood is approximately one-third that of the total biologic media (blood, interstitial fluid and muscle),33 much of the current was probably lost to the blood pool between the right ventricular apex and coronary sinus.
In contrast, the large epicardial apex cone electrode reduced dramatically (20-250-fold) the maximum required termination energy, although this finding is limited by the fact that only six ventricular tachycar- 
